Bisphenol A (BPA) is an endocrine disruptor that inhibits growth of mouse ovarian follicles and disrupts steroidogenesis at a dose of 438 M. However, the effects of lower doses of BPA and its mechanism of action in ovarian follicles are unknown. We hypothesized that low doses of BPA inhibit follicular growth and decrease estradiol levels through the aryl hydrocarbon receptor (AHR) pathway. Antral follicles from wild-type and Ahr knock-out (AhrKO) mice were cultured for 96 hours. Follicle diameters and estradiol levels then were compared in wild-type and AhrKO follicles ± BPA (0.004 -438 M). BPA inhibited follicle growth (110 -438 M) and decreased estradiol levels (43.8 -438 M) in wild-type and AhrKO follicles. However, at BPA 110 M, inhibition of growth in AhrKO follicles was attenuated compared to wild-type follicles. These data suggest that BPA may inhibit follicle growth partially via the AHR pathway, whereas its effects on estradiol synthesis likely involve other mechanisms.
BPA can leach out of the products it is incorporated in and end up in food and beverages [1] . Several studies indicate that BPA is detectable in different human tissues and fluids, including ovarian follicular fluid [2] . These findings are of concern because BPA is known to have endocrine disrupting properties and to be a reproductive toxicant [3] . For example, BPA exposure has been associated with adverse reproductive outcomes such as infertility [4, 5] and polycystic ovarian syndrome in women [6] . Further, postnatal exposure to BPA (150 g/pup of 1.5 gram body weight) causes polyovular follicles in mice [7] .
The calculated lowest observable adverse effect level (LOAEL) dose according to the United States Environmental Protection Agency (EPA) was determined to be 50 mg/kg/day. Though there is not much known yet on the pharmacokinetics of BPA in rodents or humans and it is difficult to extrapolate LOAEL doses obtained by in vivo studies to in vitro studies, it is still important to study the effects of a wide range of BPA doses in vitro to get a better understanding of the potential mechanism of action of BPA.
To date, studies have shown that in vitro treatment with BPA (100 pM-100 M) decreases viability of mouse granulosa cells [8] . Recently, BPA also has been shown to have toxic effects on cultured mouse ovarian follicles [9] [10] [11] . Specifically, BPA at 438 M inhibits growth of mouse antral follicles and BPA at 43.8 or 438 M decreases estradiol synthesis compared to vehicle control treated follicles [9] . However, not many studies have examined the effects of BPA on ovarian follicles using a wide dose range. Thus, one goal of the current study was to examine the effects of a wide range of doses of BPA (0.004 -438 M) on ovarian follicle function by focusing on follicle growth and estradiol levels. Since it has been suggested that BPA may act in a non-monotonic manner [12] , we specifically tested the hypothesis that a wide range of BPA doses causes U-shaped dose-response effects on follicle growth and estradiol levels.
Though BPA has been shown to act on various tissues and cell types such as MCF-7 cells [13] , adipose tissue [14] , and pituitary cell lines [15] , the receptor types that mediate the effects of BPA on ovarian follicles have not been determined yet. A few studies have focused on whether BPA exerts its action through nuclear receptors such as estrogen [13] , androgen [16] , and thyroid [17, 18] receptors. Further, Peretz et al. [10] have shown that BPA does not exert its toxic effects via the genomic estrogenic pathway in mouse ovarian follicles. Thus, another goal of this study was to determine if BPA exerts its toxicity in mouse antral follicles via the aryl hydrocarbon receptor (AHR) pathway.
We focused on the AHR pathway because it mediates the effects of various environmental chemicals, including its most potent ligand 2,3,7,8,-tetrachlorodibenzo-p-dioxin (TCDD) [19] . Upon ligand binding, cytoplasmic AHR enters the nucleus, partners with its translocator (AHR nuclear translocator; ARNT), and binds to specific DNA response elements, leading to transcription of several genes including cytochrome P450, family 1, subfamily b, polypeptide 1(Cyp1b1). Further, the AHR repressor (AHRR) can heterodimerize with ARNT to terminate the activation of the AHR signaling pathway [20] [21] [22] .
We also focused on the AHR because it plays a central role in the ovary [23] . For example, the AHR is involved in regulating the growth of pre-antral and antral follicles by increasing granulosa cell proliferation [24] . It is also involved in regulation of estradiol production by the ovary [25] . However, previous studies that have examined the potential role of the AHR in mediating the toxic effects of BPA have been equivocal. For example, Nishizawa et al. [26] reported that following in utero exposure to BPA, Ahr expression was elevated in the gonads harvested from embryos, whereas Bonefeld-Jorgensen et al. [27] reported weak antagonistic effects of BPA with the AHR (AHR-CALUX system; mouse hepatoma cell line).
Nevertheless, no study has examined the direct role of the AHR in mediating the toxic effects of BPA on ovarian follicles. Thus, another goal of the current study was to test the hypothesis that the AHR mediates the toxic effects of BPA on the growth of cultured mouse antral follicles. Specifically, we hypothesized that BPA exposure leads to changes in the expression of main factors in the AHR signaling pathway in antral follicles isolated from wild-type (WT) mice, and that the effects of BPA exposure on the growth of antral follicles are attenuated in follicles lacking the AHR (i.e., follicles isolated from AHR global knockout mice; AhrKO) compared to WT follicles.
Lastly, activation of the AHR signaling pathway can decrease the levels of estradiol synthesizing enzymes and increase the levels of estradiol metabolizing enzymes (e.g., CYP1B1) [28] . For example, Karman et al. [29] found that exposure of cultured mouse antral follicles to various doses of the potent AHR ligand TCDD decreased estradiol levels compared to control follicles. Interestingly, Peretz et al. [9] reported that antral follicles cultured with BPA (43.8, 438 M) also synthesized lower estradiol levels compared to control follicles. Thus, it is possible that the AHR mediates the toxic effects of BPA on mouse antral follicles by decreasing estradiol levels. Therefore, a final goal of this study was to test the hypothesis that treatment of cultured mouse antral follicles with BPA leads to lower estradiol levels via mechanisms involving the AHR signaling pathway.
Materials and methods

Chemicals
BPA powder (99%) was purchased from Sigma-Aldrich (St. Louis, MO). Stock solution of BPA was prepared using dimethyl sulfoxide (DMSO) (Sigma-Aldrich) as a solvent to achieve a BPA dose of 438 M (133 mg/ml). Further dilutions of the stock solution with DMSO generated working dilutions of 0.004, 0.04, 0.44, 4.38, 43.8, 110, and 219 M respectively. These serial dilutions allowed us to add an equal volume of BPA to each individual well in which a follicle was placed, and to control for solvent concentration.
The selected dose range is based on previous findings and environmentally relevant levels [30, 31] . Previous studies indicate that BPA at 4.38, 43.8, and 438 M doses exhibited a selective inhibition of growth of follicles isolated from Friend leukemia virus B (FVB) mice (30-32 days old) [9] . Specifically, BPA at 438 M, but not at the 4.38 and 43.8 M doses inhibited follicle growth starting at 72 hours and continuing for 96 hours of culture. In our current study, however, we used a different strain of mice and age of mice than the ones that were used in the study by Peretz et al. [9, 10] . Therefore, BPA at 4.38, 43.8, and 438 M were included in the current study as well. Additionally, a wide range of other doses (0.004 -219 M) were included to fully understand the dose response effects of BPA on ovarian follicles. BPA at 0.004 M represents BPA levels that have been measured in women's follicular fluid (i.e., 0.004-0.008 M) [2] . BPA at 219 M was used as a transition dose between the relatively low doses of BPA (up to 43.8 M) to the higher doses of BPA (greater than 43.8 M). Moreover, according to the U.S. Environmental Protection Agency the LOAEL of BPA is 50 mg/kg/day. Therefore, treatment with BPA at 219 M and lower doses is important to get a better understanding of the in vitro effects of BPA at doses that may simulate the LOAEL doses and lower doses.
Animals
Cycling wild-type (WT) female C57BL/6 mice were obtained from Charles River Laboratories (Charles River, CA). AhrKO mice (official symbol Ahr tm1Bra ) were in a C57BL/6 background and were originally generated by Schmidt et al. [32] . The AhrKO (Ahr −/− ) mice used in each experiment were generated by intercrossing either heterozygous (Ahr +/− ) female and male mice or heterozygous Ahr +/− female mice with AhrKO (Ahr −/− ) male mice. Mouse genetic screening was performed using ear tissue punches as previously described [33] . All mice were housed and bred in the core animal facility located at College of Veterinary Medicine, University of Illinois. Mice were maintained in polystyrene cages. Additionally, mice were kept under a 12L:12D photoperiod, at temperature of 22±1°C, with 35% ± 4% relative humidity. Food (Harlan Teklad 8626) and reverse-osmosis purified water were provided ad libitum. Mice were euthanized at 50-54 days of age by carbon dioxide inhalation followed by cervical dislocation. This age range was selected because previous studies indicate that at this age, WT antral follicles and AhrKO antral follicles have similar growth patterns, estradiol levels, and expression levels of a major cell cycle regulator Ccnd2 [34] . All procedures and experimental methods involving animals were approved by the University of Illinois Institutional Animal Care and Use Committee.
Follicle Culture
Ovaries were removed and antral follicles were mechanically isolated using fine watchmaker forceps and a dissecting microscope. We used 2-3 mice per replicate, and repeated the cultures at least three separate times. We obtained 15-40 antral follicles with relative sizes of 200-400 m from each mouse. Following isolation, follicles were placed in individual wells of 96-well culture plates. Specifically, follicles from each mouse were equally distributed in all treatment groups and each treatment group included overall a minimum of 8 follicles. Next, follicles were covered with 75 l of unsupplemented alpha minimal essential media ( -MEM; Invitrogen, Carlsbad, CA) prior to treatment as previously described [35] . After plating, follicles were treated with 150 l of supplemented media with vehicle control (DMSO) or BPA (0.004, 0.04, 0.4, 4.38, 43.8, 110, 219, and 438 M). Supplemented media contained unsupplemented -MEM, 1% ITS (10 ng/ml insulin, 5.5 ng/ml transferrin, and 5.5 ng/ml selenium; Sigma-Aldrich, St. Louis, MO), 5% fetal bovine serum (Atlanta biological, Lawrenceville, GA), 100 U/ml penicillin (Sigma-Aldrich), 100 mg/ml streptomycin (Sigma-Aldrich), and 5 IU/ml human recombinant follicle stimulating hormone (Dr A. F. Parlow, National Hormone and Peptide Program, Harbor-UCLA Medical Center, Torrance, CA). An equal volume of BPA or DMSO (0.75 l of treatment per 1 ml of media) was added to supplemented -MEM to keep vehicle concentration at a constant of 0.075% for each treatment. Follicles then were incubated for up to 96 hours, while supplying 5% CO 2 at 37°C.
Analysis of follicular growth
As a measurement of growth, follicle diameter was measured on perpendicular axes every 24 hours. Measurements were done with an inverted microscope equipped with a calibrated ocular micrometer. Follicle diameters were averaged and converted to percent change relative to baseline (0 hour, set as 100%). Data were plotted and statistically analyzed to compare the effects of BPA treatments on growth compared to DMSO per time point. At least three separate cultures were conducted per treatment group.
Gene expression analyses
At the end of each culture (either 24 hours or 96 hours), follicles were immediately snap frozen and stored at −80°C until further processed for quantitative real-time polymerase chain reactions (qPCR). Total RNA was extracted from at least 8 pooled follicles per treatment group per replicate (n≥3) using RNeasy Micro Kit (Qiagen Inc., CA) following the manufacturer's protocol. The RNA concentration of each sample was determined at 260 nm using a Nanodrop ND1000 UV-Vis spectrophotometer (Nanodrop Technologies, Wilmington, DE). Unfortunately, we could not isolate enough RNA from follicles treated with 219 and 438 M BPA following 96 hours of culture or from follicles treated with 438 M BPA following 24 hours of cultures. RNA Total RNA was reversed transcribed using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) according to the manufacturer's instructions. Each cDNA sample was diluted 1:4 with nuclease-free water prior to further analyses.
Primer sets were either based on previous publications: Ahr [29] , beta actin (Actb) [29] , Cyp1b1 [29] , Arnt [36] , B cell leukemia/lymphoma 2 (Bcl2) [37] , and BCL2-associated X protein (Bax) [37] or originally designed (Ahrr, NM_009644.2) using a BLASTN search that was performed in GenBank to ensure that primers were unique to the gene of interest and that they spanned a large intron-exon junction. The sequences for the originally designed Ahrr primers were: forward 5 -AGA GCT GTG TCC CCA GGG AAG T -3 and reverse 5 -CAG TGA GGA AAG ATG GCT TGT AGG -3 .
All gene expression analyses were performed using the CFX96 Real-time PCR Detection System C1000 Thermal Cycler (Bio-Rad). All qPCR reactions were done in triplicate in a total volume of 10 l per sample accordingly: 1 l of diluted cDNA, 1 l of gene specific primer mix (500 nM; Integrated DNA Technologies, INC., Coralville, IA), 3 l of nuclease free water, and 5 l of SsoFast EvaGreen Supermix (Bio-Rad). The protocol for the qPCR runs included the following steps: initial denaturation of the cDNA and enzyme activation at 95°C for 1 min, followed by 40 cycles of 10 sec at 95°C, 10 sec at 60°C, and a fluorescent absorbance reading and one final annealing/elongation step for 5 min at 72°C. A heat dissociation curve (from 65°C to 95°C with a fluorescent absorbance reading after each 0.5°C increment) was performed at the end of every run to confirm specificity of each primer pair for the chosen transcript of interest. A standard curve was generated from six serial dilutions of a sample representing the treatment groups to calculate the amplification efficiencies of each primer set. Expression data were generated using the mathematical model developed by Pfaffl [38] . The housekeeping gene Actb was used as a reference gene for each sample because there were no statistical differences in the expression of this gene between any of the treatment groups, including DMSO (data not shown). Mean relative mRNA expression ratios from 3-4 separate follicle culture experiments were reported.
Measurement of estradiol levels
The media from follicles in each treatment group were collected at the end of the cultures, and stored at −80°C until performing measurements of estradiol levels. Randomly selected media samples per treatment group were subjected to enzyme linked immunosorbent assays (ELISA) for estradiol levels according to the manufacturer's guidelines (DRG International, Mountainside, NJ). The minimum detection limits were 9.71 pg/ml, and intra-assay and inter-assay coefficients of variation were 4.7%, and 7.8%, respectively. Individual follicle estradiol level was normalized to follicle diameter. Averaged estradiol levels represent normalized values from 12 individual follicles per treatment group obtained from three separate culture experiments.
Statistical analyses
Data were expressed as the mean ± SEM from at least three separate experiments. Differences between DMSO and treatment groups were statistically analyzed using SPSS software (SPSS Inc., Chicago, IL). For all comparisons, statistical significance was assigned at p≤0.05. Treatment group data were statistically compared to DMSO control data. When data were normally distributed and the homogeneity of variance assumption was met, we used the one-way analysis of variance (ANOVA) test followed by a Dunnett's post hoc test. When data were not normally distributed and/or when the homogeneity of variance assumption was not met, we used Kruskal-Wallis non-parametric test, followed by a MannWhitney test.
Results
Effect of BPA exposure on antral follicle growth in WT follicles (C57BL/6)
The results indicate that BPA selectively inhibited the growth of cultured WT antral follicles (Figure 1) . Specifically, doses of BPA up to 43.8 M did not alter follicle growth compared to DMSO, whereas doses of BPA from 110 -438 M significantly inhibited follicle growth, starting at 24 hours (219, 438 M) or 48 hours (110 M) and continuing throughout the culture (Figure 1). 
Effect of BPA exposure on estradiol levels in WT follicles
Previous studies indicate that BPA exposure at 43.8 and 438 M decreases estradiol levels in mouse antral follicle cultures [9] . Therefore, we compared estradiol levels in the media from vehicle and BPA-treated follicles to expand our knowledge about potential effects of a wide range of BPA treatments on estradiol levels. The results indicate that exposure to 43.8, 110, 219, and 438 M BPA for 96 hours significantly decreased estradiol levels synthesized by WT antral follicles compared to WT follicles treated with DMSO ( Figure 2 ). In contrast, exposure to 0.004, 0.04, 0.4, and 4.38 M BPA did not alter estradiol levels synthesized by WT antral follicles compared to WT follicles treated with DMSO ( Figure 2 ).
Effect of BPA exposure on expression levels of Bcl2 and Bax in WT follicles
Inhibition of follicle growth and low estradiol levels can be a result of underlying atresia (programmed cell death of the ovarian cells). Further, previous studies indicate that BPA at 438 M causes atresia and increases expression of apoptotic factors [10] . Thus, we measured selected apoptotic factors levels at 96 hours in the current study. The results indicate that at 96 hours, 43.8 and 110 M BPA significantly up-regulated expression levels of the anti-apoptotic factor Bcl2 in WT follicles compared to DMSO treated WT follicles (Figure 3 ). In contrast, BPA did not alter the expression of the pro-apoptotic factor Bax at any of the examined doses compared to DMSO (Figure 3 ).
Effect of BPA exposure on expression of factors in the AHR signaling pathway in WT follicles
To determine the potential role of the AHR in mediating the toxic effects of BPA, we compared relative mRNA levels of selected genes in the AHR signaling pathway (Ahr, Ahrr, Arnt, and Cyp1b1) in DMSO and BPA treated WT follicles. Because we observed inhibition of follicle growth beginning at 24 hours with BPA 219 and 438 M compared to control and because this inhibition continued for 96 hours, we compared expression levels at 24 and 96 hours per treatment group. After 24 hours of culture, BPA at 219 M significantly downregulated Cyp1b1 levels in WT follicles and BPA 110 M exposure resulted in a trend toward reducing Cyp1b1 levels in WT follicles compared to DMSO treated WT follicles (Figure 4a ). BPA at 0.4 M significantly down-regulated Arnt levels in WT follicles compared to DMSO treated WT follicles (Figure 4c ). However, none of the selected doses of BPA altered the expression of Ahr or Ahrr in WT follicles compared to DMSO treated WT follicles (Figure 4 e and g) . Similarly, at 96 hours, none of the selected doses of BPA altered the expression of Cyp1b1, Ahr, Ahrr, and Arnt in WT follicles compared to DMSO treated WT follicles (Figure 4 b, d , f, and h).
Effect of BPA exposure on antral follicle growth in AhrKO follicles
As a direct way to investigate the role of the AHR as a potential mediator of the toxic effects of BPA, we cultured follicles from AhrKO mice with a wide range of doses of BPA and measured their growth over time. The data indicate that BPA at doses between 0.04 -43.8 M did not alter the growth of AhrKO follicles compared to DMSO treated AhrKO follicles ( Figure 5 ). This growth pattern was similar to the growth of WT follicles following treatment with BPA at doses between 0.04 -43.8 M (Figure 1 ). BPA at doses of 219 and 438 M significantly inhibited the growth of AhrKO follicles compared to AhrKO follicles treated with DMSO starting at 24 hours, and continuing throughout the culture time ( Figure  5 ). Again, these results are similar to what was observed with the WT follicles at the same doses (Figure 1) . Lastly, BPA at 110 M inhibited the growth of AhrKO follicles compared to AhrKO follicles treated with DMSO at 48 hours only ( Figure 5 ). Interestingly, BPA at 110 M did not significantly alter the growth of AhrKO follicles compared to AhrKO follicles treated with DMSO at any of the other time points ( Figure 5) . These results are different than what we observed with WT follicles treated with BPA 110 M, in which inhibition of growth started at 48 hours, but lasted throughout the culture time (Figure 1 ).
Effect of BPA exposure on estradiol levels in AhrKO follicles
Previous studies indicate that BPA exposure at 43.8 and 438 M decreases estradiol levels in mouse antral follicle cultures [9] , but the mechanism by which BPA leads to decreased estradiol synthesis is unknown. Therefore, we measured estradiol levels in the media from vehicle and BPA-treated AhrKO follicles to expand our knowledge about the potential role of the AHR signaling pathway in mediating BPA toxic effects on estradiol synthesis. The results indicate that 96 hours exposure to BPA at 43.8, 110, 219, and 438 M significantly decreased estradiol levels synthesized by AhrKO antral follicles compared to AhrKO follicles treated with DMSO ( Figure 6 ). In contrast, exposure to BPA at 4.38 M did not alter estradiol levels synthesized by AhrKO antral follicles compared to AhrKO follicles treated with DMSO ( Figure 6 ). These results are similar to the results of WT follicles treated with these doses of BPA (Figure 2 ).
Discussion
The current study expands on the limited published data regarding the direct toxic effects of a wide dose range of BPA on cultured mouse antral follicles. It also provides information on the potential mechanism by which BPA may exert its toxic effects in antral follicles. In this study, we utilized a follicle culture system to closely examine the direct effects of exposure to a wide range of doses of BPA, including environmentally relevant doses, on antral follicles [2, 10, 11, 34] . We also compared the growth of antral follicles isolated from WT and AhrKO mice to examine the role of the AHR in mediating the toxic effects of BPA. The results suggest that BPA inhibits the growth and decreases estradiol levels of WT follicles in a dose dependent manner. Furthermore, the data suggest that BPA at 110 M may selectively act through the AHR signaling pathway to exert its toxic effects. The maximum tolerated dose for BPA is considered to be 1,000 mg/kg/body weight/day and the calculated reference dose according to the U.S. EPA was determined to be 50 g/kg/day based on the LOAEL. Though there is not much known yet on the pharmacokinetics of BPA in mice or humans and it is difficult to extrapolate from LOAELs determined in vivo to in vitro studies, our study adds valuable data on the effects of BPA exposure at levels lower than the LOAEL and the reference dose.
In our study, BPA inhibited the growth of WT follicles at doses of 110, 219, and 438 M, but not at doses of 43.8 M or less. These findings indicate that in our antral follicle bioassay, BPA has a linear dose-response effect on follicular growth. This finding is in contrast to our original hypothesis that BPA exhibits non-monotonic effects on follicles as it does in other cell lines/tissues such as pituitary cell lines [39] and adipose explants [14] . The reasons for different dose-response effects with BPA are unknown, but studies have shown that BPA can act differently in different tissues and this appears to be the case with ovarian follicle cultures versus pituitary cell lines and adipose explants [14, 39] . Yet, our findings are in agreement with other studies that examined the effects of BPA on mouse ovarian follicles. Xu et al. [8] observed that BPA in a dose dependent manner decreases viability of mouse cultured granulosa cells. Specifically, treatment with doses of 0.1 nM, 0.1 M, and 100 M of BPA resulted in cytotoxic effects [8] . Moreover, the toxic effects of BPA at 100 M (which is close to our BPA 110 M dose) were observed as early as 24 hours [8] . Further, according to Lenie et al. [11] , BPA exposure at 3 nM -30 M (doses similar to our doses of BPA 0.004 -43.8 M) did not affect early preantral follicle growth compared to control after 4 days of culture. Peretz et al. [9] reported that BPA at 438 M inhibited follicle growth as it did in our current study. Interestingly, BPA at 438 M inhibited follicle growth starting at 72 hours of culture in the Peretz et al. study [9] , while it inhibited follicle growth beginning at 24 hours in the current study. This difference in the timing of BPA effects could be due to differences in strains of mice and animal ages in Peretz et al. [9] compared to our study. Peretz et al. [9] used FVB mice, whereas we used C57BL/6 mice. Additionally, Peretz et al. [9] used 32 day old mice, whereas we used 50-54 day old mice.
Despite differences in the timing of inhibition of growth between our current study and the study by Peretz et al. [9] , both studies showed that BPA treatment decreases estradiol levels.
Estradiol is one of the main factors needed to stimulate follicle growth and to protect follicles from atresia [40] . Thus, decreased estradiol levels are another indication of impaired function of the follicles that can be observed even when follicle growth is not inhibited. In the current study, after 96 hours of culture, BPA at 43.8 -438 M significantly decreased estradiol levels in a dose dependent manner (Figure 2) . Specifically, BPA at 43.8 M significantly decreased estradiol levels, even though it did not affect follicle growth compared to controls, whereas BPA at 110, 219, and 438 M decreased both follicle growth and estradiol levels (Figures 1,2) . These findings are in agreement with the results by Peretz et al. [9] , who reported that BPA at 43.8 and 438 M significantly decreased estradiol levels compared to controls after 120 hours of culture. These data may suggest that exposure to BPA at 43.8, 110, 219, and 438 M pushes the follicles into cellular stress that results with impaired steroidogenesis followed by inhibition of growth with higher doses of BPA (110, 219, and 438 M). BPA at 43.8 M still allows the follicles to recover their growth, but not estradiol synthesis.
Estradiol can protect follicles from atresia [40] by suppressing the transcription of proapoptotic factors such as Bax [41] . Previous studies also indicate that overexpression of the anti-apoptotic factor Bcl2 enhances follicular growth and decreases apoptosis [42] . Studies also indicate that the balance between pro-and anti-apoptotic factors is a main determinant in whether the process of atresia will be initiated in follicles [43] . In our current study, Bcl2 levels ( Figure 3) were significantly increased at BPA 43.8 and 110 M, whereas the proapoptotic factor Bax levels were not altered (Figure 3) with any of the examined BPA treatments compared to controls. Therefore, it is likely that BPA-induced changes in the ratio of pro-and anti-apoptotic factors to favor an anti-apoptotic state may be an attempt of the follicles to restore normal growth following treatment with BPA 43.8 and 110 M. This attempt is not completely successful because follicles were only able to retain normal growth at BPA 43.8 M, but not at the higher tested doses. At higher doses, it may be that the follicular damage caused by BPA (110 -438 M) was too profound to allow the follicles to be rescued or even partially protected by increasing expression of anti-apoptotic factors such as Bcl2. Xu et al. [8] have shown that BPA can induce apoptosis in isolated granulosa cells at concentration as low as 100 pM [8] . Therefore the difference in doses required to cause apoptosis in our study versus that by Xu et al. [8] can be due to the fact that we cultured whole follicles, whereas Xu et al. [8] [10] and the current study could be due to difference in the age and strain of mice that were used in both studies.
The AHR signaling pathway plays a major role in regulating follicle growth and estradiol levels in the ovary and in mediating the toxic effects of other environmental chemicals (e.g., dioxins, polycyclic aromatic hydrocarbons) [20] [21] [22] . A few studies have examined the AHR as a potential mediator of the toxic effects of BPA [26, 27, [44] [45] [46] . However, only Nishizawa et al. [26] have examined the AHR-BPA relationship in the gonads. The researchers observed elevated gonadal Ahr expression following in utero exposure to BPA.
Therefore, we investigated expression levels of major factors in the AHR signaling pathway following BPA exposure in our isolated follicle culture system. Interestingly, there were no striking differences in the expression of major factors in the AHR signaling pathway in WT follicles treated with BPA versus WT follicles treated with DMSO. These results are similar to what has been observed following treatment of cultured mouse antral follicles even with the potent ligand of the AHR TCDD, in which the Ahr expression in TCDD treated follicles was not different than controls [47] .
In the absence of the Ahr, however, antral follicles may have been rescued from BPA (110 M) induced inhibition of growth. This recovery occurs only at BPA 110 M and only starts at 72 hours. Interestingly, the rescue of follicular growth was not observed at BPA 219 or 438 M. This may be because different doses of BPA may act through different signaling pathways to exert its toxic effects. It may also be that higher doses of BPA are cytotoxic to the follicles and that the follicles cannot be rescued from BPA exposure at higher doses even when removing the Ahr. These results are in agreement with other studies that have shown that disruption of the normal activity of the AHR reduces the toxic effects of other chemicals in the ovary. For example, -napthoflavone, a known AHR inhibitor, reduces the toxic effects of benzo(a)pyrene, 3-methylcholanthrene, and 7,12-dimethylbenz(a)anthracene on the ovary [48] [49] [50] , whereas TCDD, a potent AHR agonist, decreases tumorgenic cell proliferation [51] . Further, Basavarajappa et al. [47] , who used a similar bioassay to the one that was used in our current study reported that AhrKO follicles treated with the pesticide methoxychlor are also partially protected from inhibition of growth. These findings suggest that the AHR differentially modulates the toxic effects on follicular growth caused by BPA as well as other chemicals such as methoxychlor.
Lastly, unlike the case with follicular growth, BPA treatment of AhrKO follicles resulted in similar estradiol levels to what we observed with WT follicles treated with BPA. These data are highly suggestive that the AHR signaling pathway is not a major route through which BPA exerts its toxic effects on the steroidogenic capacity of the follicles. These results add to a number of publications on the other potential targets through which BPA exerts its toxic effects on steroidogenesis. For example, Peretz et al. [9] concluded that BPA treatment of antral follicles may interfere with steroidogenesis by inhibiting cholesterol uptake and metabolism by decreasing the expression of the rate limiting factors steroidogenic acute regulatory protein (StAR) and cytochrome P450 cholesterol side chain cleavage (Cyp11a1). Similar conclusions were also published by other researchers in other species [52] . Our results indicate that it is unlikely that any of these effects of BPA on steroidogenesis are mediated by the AHR.
Conclusions
Overall findings from the current study expand our knowledge regarding the toxic effects of a wide range of BPA doses in ovarian follicles. The examined range of doses represents both human exposure and environmentally relevant levels. Results from our study indicate that BPA in a linear dose-response manner decreases in vitro antral follicle growth and decreases synthesis of estradiol. Interestingly, BPA (0.004 and 0.04 M) at doses similar to the levels measured in women's ovarian follicular fluid undergoing in vitro fertilization treatments [2] did not affect follicular growth or estradiol synthesis compared to the control group. BPA also alters expression levels of Bcl2, a factor that is involved in the process of follicular atresia. However, BPA treatment did not dramatically alter genes in the AHR signaling pathway. BPA-induced inhibition of follicle growth, however, was partially rescued in the absence of the Ahr, indicating that the AHR signaling pathway may be partially involved in mediating the toxic effects of BPA on the growth of cultured mouse antral follicles. Further studies, however, are needed to better understand the mechanism by which the AHR signaling pathway mediates the toxic effects of BPA (110 M). Effect of in vitro BPA exposure on wild-type mouse antral follicle growth. Antral follicles mechanically isolated from wild-type mice were individually cultured with vehicle control (DMSO) or BPA (0.004 -438 M) for 96 hours. During the culture, follicle diameters were measured and then were converted to percent change from baseline (time 0). Graph represents means ± SEM from 3-4 separate experiments (at least five follicles per treatment per replicate). Asterisks represent significant differences from DMSO per time point; p≤0.05. Effect of in vitro BPA exposure on estradiol synthesis by wild-type mouse antral follicles. Antral follicles mechanically isolated from wild-type mice were individually cultured with vehicle control (DMSO) or BPA (0.004 -438 M). After 96 hours, the media were collected and analyzed for estradiol levels (at least three follicles per treatment, per experiment). Graph represents means ± SEM from three separate experiments. Asterisks represent significant differences from DMSO; p≤0.05. Effect of 96 hours in vitro BPA exposure on expression of Bcl2 and Bax. Antral follicles isolated from wild-type mice were treated with vehicle control (DMSO) or BPA (0.004 -438 M) and cultured for 96 hours. Expression levels of Bcl2 and Bax were measured using qPCR. Data represent means ± SEM from at least three separate experiments. Asterisks represent significant differences from DMSO; p≤0.05. Effect of in vitro BPA exposure on expression of major factors in the AHR signaling pathway, following 24 and 96 hours of culture. Antral follicles isolated from wild-type mice were treated with vehicle control (DMSO) or BPA (0.004 -438 M) and cultured for 24 or 96 hours. Expression levels of Cyp1b1 (a ,b), Arnt (c, d), Ahr (e, f), and Ahrr (g, h) were measured using qPCR. Data represent means ± SEM from at least three separate experiments. Asterisks represent significant differences from DMSO; p≤0.05. Effect of in vitro BPA exposure on AhrKO mouse antral follicle growth. Antral follicles mechanically isolated from AhrKO mice were individually cultured with vehicle control (DMSO) or BPA (0.004 -438 M) for 96 hours. During the culture, follicle diameters were measured and then were converted to percent change from baseline (time 0). Graph represents means ± SEM from 3-4 separate experiments (at least five follicles per treatment per experiment). Asterisks represent significant differences from DMSO per time point; p≤0.05. Effect of in vitro BPA exposure on estradiol synthesis by AhrKO mouse antral follicles. Antral follicles mechanically isolated from AhrKO mice were individually cultured with vehicle control (DMSO) or BPA (4.38 -438 M). After 96 hours, the media were collected and analyzed for estradiol levels. Graph represents means ± SEM from three separate experiments (four follicles per treatment, per experiment). Asterisks represent significant differences from DMSO; p≤0.05.
